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Quantum teleportation provides a “disembodied” way to transfer an unknown quantum state
from one quantum system to another. However, all teleportation experiments to date are limited to
cases where the target quantum system contains no prior quantum information. Here we propose
a scheme for teleporting a quantum state to a quantum system with prior quantum information.
By using an optical qubit-ququart entangling gate, we have experimentally demonstrated the new
teleportation protocol—teleporting a qubit to a photon with one-qubit prior quantum information.
After the teleportation, the target photon contains two-qubit quantum information, one from the
teleported qubit and the other from the pre-existing qubit. The teleportation fidelities range from
0.70 to 0.88, all above the classical limit of 2/3. Our work sheds light on a new direction for
quantum teleportation and demonstrates our ability to implement entangling operations beyond
two-level quantum systems.
PACS numbers:
Quantum teleportation, a way to faithfully transfer quantum states from one system to another, is one of the most
important protocols in quantum information science [1]. Not only is it central to long-distance quantum communication
[2] and distributed quantum networks [3], but it also plays a pivotal role in measurement-based quantum computation
[4–6]. Quantum teleportation has been experimentally demonstrated in a variety of physical systems, including
photons [7, 8], atoms [9], ions [10, 11], electrons [12], defects in solid states [13], and superconducting circuits [14].
Recently, more complex experiments have also been reported, such as the open destination teleportation [15, 16] and
the teleportation of a composite system [17], a multi-level state [18, 19], and multi-degree of freedom of a particle
[20]. In all of these experiments, the quantum state is transferred in a disembodied way from system A, which
originally contains all the quantum information, to system B, which is initially either part of an entangled state or in
a blank state [7–20] and thus contains no prior information at all. This raises a novel and fundamental question - if
system B contains some quantum information beforehand, is it possible to teleport a quantum state from system A
to system B without affecting B’s pre-existing quantum information. We give a positive answer to this question and
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2present a general scheme to realize this new type of teleportation. To experimentally demonstrate this scheme, we
implement an optical experiment to teleport a one-qubit quantum state stored in a photon to another photon that
contains one-qubit pre-existing quantum information. After the teleportation, the two-qubit quantum information of
the two-photon composite system is now all stored in the target photon.
FIG. 1: Schematic diagrams for quantum local teleportation. a, The quantum teleporation of one qubit
to a blank qubit. The CX gate entangles the two qubits and the one-qubit information is now across the two qubits.
The projective measurement removes information from the control qubit and now the target qubit contains the
one-qubit information. After the feed-forward unitary operation, the target qubit recovers the original state. b, The
quantum teleportation of one qubit to a ququart with preloaded one-qubit information. A CX4 is operated on the
control qubit and the target ququart, where X4 converts |0〉 to |2〉 and |1〉 to |3〉. After the CX4 gate, the control
qubit and the target ququart are entangled. The projection measurement removes information from the control
qubit and now the target qubit contains two-qubit information. A feed-forward unitary operation is used to set the
target ququart to the desired state.
Before presenting our new teleportation scheme, let us briefly review the protocol of local quantum teleportation.
Suppose A is a particle in the quantum state α|0〉A + β|1〉A, and B is another particle in the state |0〉B . The initial
state of the composite system of A and B can be written as α|0〉A|0〉B +β|1〉A|0〉B . As shown in Fig. 1a, by applying
a controlled-X gate (CX gate, commonly refered as CNOT gate) on the two particles, its quantum state would become
α|0〉A|0〉B + β|1〉A|1〉B
=
1√
2
|+〉A(α|0〉B + β|1〉B)
+
1√
2
|−〉A(α|0〉B − β|1〉B),
where X|0〉 = |1〉, X|1〉 = |0〉 and |±〉 = 1√
2
(|0〉 ± |1〉). After measuring particle A in the |±〉 basis and forwarding
3the outcome to B, a unitary operation (I or Z) based on the outcome is then applied on partilce B, and its state
will become α|0〉B + β|1〉B . The state of particle B now has the same form as the initial state of particle A and thus
completes the local teleportation.
Unlike the standard quantum teleportaion protocol [1], where shared entangled states are used as resources for
teleportation, the local quantum teleportation scheme uses a single two-qubit quantum gate to realize the flow of
quantum information from one particle to another. Before the teleportation, while particle A contains one-qubit
quantum information, particle B is in the blank state |0〉B and contains no information at all. After the teleportation,
this one-qubit quantum information has been moved from particle A to particle B.
Now let us look at the scenario where both particles A and B contain one-qubit quantum information before the
teleportation. In this case, the quantum circuit shown in Fig. 1a no longer works. This is because such circuit would
leave the state of particle B stay in a two-dimensional Hilbert space, making it impossible to store two-qubit quantum
information.
To circumvent this problem, the state space of particle B needs to be expanded to a higher dimeonsional Hilbert
space. Here we define a four-dimensional unitary gate
X4 =

0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

,
which can convert |0〉 to |2〉, |1〉 to |3〉 and expand the state space of particle B from two to four dimensions.
We now present our new teleportation scheme. As shown in Fig. 1b, while the initial state of particle A is still
in α|0〉A + β|1〉A, the initial state of particle B is now in γ|0〉B + δ|1〉B , which also contains one-qubit quantum
information. The initial state of the two particles is therefore
(α|0〉A + β|1〉A)⊗ (γ|0〉B + δ|1〉B)
=αγ|0〉A|0〉B + αδ|0〉A|1〉B + βγ|1〉A|0〉B + βδ|1〉A|1〉B . (1)
A controlled-X4 (CX4) gate is then applied to the two particles and their state becomes
αγ|0〉A|0〉B + αδ|0〉A|1〉B + βγ|1〉A|2〉B + βδ|1〉A|3〉B
=|+〉A(αγ|0〉B + αδ|1〉B + βγ|2〉B + βδ|3〉B)
+|−〉A(αγ|0〉B + αδ|1〉B − βγ|2〉B − βδ|3〉B).
4Similary, after measuring particle A in the |±〉 basis and forwarding the outcome to B, a four-dimensional unitary
operation (I or Z4) is applied on B conditioned on the outcome, where Z4 is defined as
Z4 =

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

.
The state of particle B then becomes
αγ|0〉B + αδ|1〉B + βγ|2〉B + βδ|3〉B (2)
Comparing Eq. (2) and Eq. (1), one can see that except for the difference in the state basis, the two states have
the same form, which indicates that all the quantum information originally stored in particles A and B is now fully
stored in particle B—the quantum information of particle A has been successfully teleported to particle B without
B’s original quantum information being affected. Here we note that the initial state of the composite system of A and
B is chosen as a separable state only for simplicity reasons. Our scheme works for the general case where particles A
and B can be entangled before teleportation.
The main challenge to experimentally demonstrate the teleportation protocol described above is to realize the
essential part of the circuit, the CX4 gate, which is a qubit-ququart entangling gate. To date, most of the quantum
gates that have been experimentally demonstrated are based on qubits [21–27]. It is a challenging task to implement
such high-dimensional entangling operations in any physical system.
Below we present our method to implement CX4 gate in the photonic system. As shown in Fig. 2a, instead of
implementing CX4 gate directly, we first decompose it into two consecutive gates CX02 and CX13 based on the fact
that X4 = X13X02, where X02 and X13 are defined as
X02 =

0 0 1 0
0 1 0 0
1 0 0 0
0 0 0 1

, X13 =

1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

.
X02 (X13) gate swaps |0〉 and |2〉 (|1〉 and |3〉) and leaves |1〉 and |3〉 (|0〉 and |2〉) unchanged. Although X02 (X13)
is a four-dimensional unitary gate, it only operates on a two-dimensional subspace spanned by |0〉 and |2〉 (|1〉 and
5FIG. 2: Experimental layout for teleporting a qubit to an information-preloaded photon. a, Optical
CX4 gate. Two photons a1 and a2 are used to encode qubit A, where |0〉A = |H〉a1|H〉a2 and |1〉A = |V 〉a1|V 〉a2.
Photon b is used to encode ququart B, where |0〉B = |H0〉b, |1〉B = |H1〉b, |2〉B = |V 0〉b and |3〉B = |V 1〉b. H0 (H1)
denotes photon in the upper (lower) spatial mode with horizontal polarization and V 0 (V 1) denotes photon in
upper (lower) spatial mode with vertical polarization. A CX4 gate between the control qubit A and the target
ququart B is decomposed into a CX02 gate and a CX13 gate. The CX02 (CX13) gate is equivalent to a polarization
CNOT gate operating on photon a1 (a2) and photon b in the upper (lower) rail. b, Experimental setup. A pulsed
ultraviolet (UV) laser is focused on two beta-barium borate (BBO) crystals and produces two photon pairs a1-a2
and b-t. By tuning HWP1 and QWP1, the first photon pair, a1-a2, is prepared at α|H〉a1|H〉a2 + β|V 〉a1|V 〉a2,
which serves as the initial state of system A. By tuning HWP2 and QWP2, photon b is prepared at γ|H〉b + δ|V 〉b.
The beam displacer BD1 and its three surrounding HWPs then converts photon b to γ|H0〉b + δ|H1〉b, which serves
as the initial state of system B. After applying the optical CX4 on the three photons and projecting both photons
a1 and a2 to |D〉, the desired final state αγ|H0〉b + αδ|H1〉b + βγ|V 0〉b + βδ|V 1〉b is then obtained. A set of
projective measurements on the final ququart state are performed to evaluate the performance of the teleportation.
|3〉). Based on this fact, we devise a method to implement CX02 and CX13 using optical CNOT gates, which are
experimentally feasible with current technology.
As shown in Fig. 2a, system A, composed of two photons a1 and a2, serves as the control qubit, and system
B, composed of a single photon b, serves as the target ququart. We note that, due to the post-selection feature
of optical CNOT gates [24], two photons a1 and a2 are used to encode a single qubit to facilitate the realization
of the CX4 gate. The two orthonormal basis states of system A are |0〉A = |H〉a1|H〉a2 and |1〉A = |V 〉a1|V 〉a2,
6where H (V ) denotes horizontal (vertical) polarization. As a result, the initial state of qubit A can be written as
α|0〉A + β|1〉A = α|H〉a1|H〉a2 + β|V 〉a1|V 〉a2. For system B, to encode a ququart with a single photon b, both the
polarization and spatial degree of freedoms are used, and the four basis states of ququart B are defined as |0〉B = |H0〉b,
|1〉B = |H1〉b, |2〉B = |V 0〉b and |3〉B = |V 1〉b, where H0 (H1) denotes photon in the upper (lower) spatial mode with
horizontal polarization and V 0 (V 1) denotes photon in the upper (lower) spatial mode with vertical polarization. The
initial state of ququart B can be written as γ|0〉B + δ|1〉B = γ|H0〉b + δ|H1〉b, where one-qubit quantum information
has been pre-loaded in system B.
As shown in Fig. 2a, a polarization CNOT gate is applied between photon a1 and photon b in the upper spatial
mode. When photon b is in the lower spatial mode, nothing happened; when photon b is in the upper spatial
mode, its polarization will be fllipped between H and V if photon a1’s polarization is V. Photon a1 in V polarization
corresponds to qubit A in state |1〉A; the polarization of photon b in the upper spatial mode being flipped between
H and V corresponds to swapping |0〉B and |2〉B components of ququart B. In other words, the function of the
CNOT gate between photon a1 and photon b in the upper spatial mode is that ququart B will swap its |0〉B and
|2〉B components when qubit A is in state |1〉A, which is exactly what a CX02 gate does. Similarly, the CNOT gate
between photon a2 and photon b in the lower spatial mode realizes a CX13 gate. As a result, the desired CX4 gate
between qubit A and ququart B can be realized by using the two polarization CNOT gates shown in Fig. 2a.
Figure 2b shows the experimental setup for teleporting a qubit to a photon with prior quantum information.
Two photon paris are generated by passing femtosecond-pulse UV laser through type-II beta-barium borate (BBO)
crystals (See Methods). Photons a1 and a2 of the first pair are prepared at the state α|H〉a1|H〉a2 + β|V 〉a1|V 〉a2,
which serves as the initial state of system A. Photon b from the second pair is prepared at γ|H〉b + δ|V 〉b. The beam
displacer BD1 and its surrounding three half waveplates (two at 45◦ and one at 0◦) are used to expand the Hilbert
space of photon b, converting its state to γ|H0〉b+δ|H1〉b, which serves as the initial state of system B. To teleport the
quantum information of system A to system B, the upper (lower) rail of photon b is superposed with photon a1 (a2)
on a partial polarization beamsplitter (PPBS). The PPBS, the loss elements and its surrounding half wave-plates can
realize a polarization CNOT gate between photon a1 (a2) and photon b in the upper (lower) rail. These two CNOT
gates together realize a CX4 gate between qubit A and ququart B (See Methods), and the state of the three photons
7FIG. 3: Experimental results for quantum teleportation of the states |ψ1〉, |ψ2〉, ... and |ψ9〉. a-i,
Measurement results of the final state of the teleported photon b for the initial states |ψ1〉, |ψ2〉, ... and |ψ9〉. Here
|D/A〉 = 1√
2
(|H〉 ± |V 〉), |R/L〉 = 1√
2
(|H〉 ± i|V 〉), |±〉 = 1√
2
(|0〉 ± |1〉) and | ± i〉 = 1√
2
(|0〉 ± i|1〉). j, Summary of
teleportation fidelities for initial states |ψ1〉-|ψ9〉. The horizontal line marks the classical limit of 2/3. The error bars
(SD) are calculated according to propagated Poissonian counting statistics of the raw detection events.
now becomes
α|H〉a1|H〉a2 ⊗ (γ|H0〉b + δ|H1〉b)
+β|V 〉a1|V 〉a2 ⊗ (γ|V 0〉b + δ|V 1〉b).
Active feed-forward is needed for a full, deterministic teleportation. However, in this proof-of-principle experiment, we
did not apply feed-forward but used post-selection to realize a probabilistic teleportation. By projecting both photons
a1 and a2 to |D〉 = 1√
2
(|H〉 + |V 〉), their quantum information would transfer to photon b. The quantum state of
photon b now becomes αγ|H0〉b + αδ|H1〉b + βγ|V 0〉b + βδ|V 1〉b, which contains two-qubit quantum information.
8To demonstrate the validity of our scheme, we have prepared 9 different initial states for teleportation,
|ψ1〉 = |1〉A ⊗ |0〉B = |V 〉a1|V 〉a2 ⊗ |H0〉b,
|ψ2〉 = |1〉A ⊗ 1√
2
(|0〉B + |1〉B)
= |V 〉a1|V 〉a2 ⊗ 1√
2
(|H0〉b + |H1〉b),
|ψ3〉 = |1〉A ⊗ 1√
2
(|0〉B − i|1〉B)
= |V 〉a1|V 〉a2 ⊗ 1√
2
(|H0〉b − i|H1〉b),
|ψ4〉 = 1√
2
(|0〉A + |1〉A)⊗ |0〉B
=
1√
2
(|H〉a1|H〉a2 + |V 〉a1|V 〉a2)⊗ |H0〉b,
|ψ5〉 = 1√
2
(|0〉A + i|1〉A)⊗ |0〉B
=
1√
2
(|H〉a1|H〉a2 + i|V 〉a1|V 〉a2)⊗ |H0〉b,
|ψ6〉 = 1√
2
(|0〉A + |1〉A)⊗ 1√
2
(|0〉B + |1〉B)
=
1√
2
(|H〉a1|H〉a2 + |V 〉a1|V 〉a2)⊗ 1√
2
(|H0〉b + |H1〉b),
|ψ7〉 = 1√
2
(|0〉A + |1〉A)⊗ 1√
2
(|0〉B − i|1〉B)
=
1√
2
(|H〉a1|H〉a2 + |V 〉a1|V 〉a2)⊗ 1√
2
(|H0〉b − i|H1〉b),
|ψ8〉 = 1√
2
(|0〉A + i|1〉A)⊗ 1√
2
(|0〉B − |1〉B)
=
1√
2
(|H〉a1|H〉a2 + i|V 〉a1|V 〉a2)⊗ 1√
2
(|H0〉b − |H1〉b),
|ψ9〉 = 1√
2
(|0〉A + i|1〉A)⊗ 1√
2
(|0〉B + i|1〉B)
=
1√
2
(|H〉a1|H〉a2 + i|V 〉a1|V 〉a2)⊗ 1√
2
(|H0〉b + i|H1〉b).
After the teleportation, system B (photon b) should contain all the information of the composite system of A
(photon a1 and photon a2) and B (photon b) before teleportation. To verify this, the teleported ququart state
of photon b is analyzed by the measurement setup, which is composed of BD2, its surrounding waveplates, the
polarization beamsplitter (PBS), and the single-photon detector D3 (See Methods). We measure the fidelity of the
teleported state, F = Tr(ρ|ψ〉〈ψ|), which is defined as the overlap between the ideal teleported state (|ψ〉) and the
measured density matrix (ρ). The verification of the teleportation results is based on fourfold coincidence detection
9which in our experiment occur with a rate of 0.22 Hz. In each setting, the typical data collection time is 10 minutes,
which allows us to sufficiently suppress Poisson noise.
Figure 3a-i shows the teleportation results of the nine different initial states on specific bases, from which the
fidelities can be directly extracted. For each of the 9 initial states |ψ1〉 to |ψ9〉, the fidelity of the final state of
ququart B is, in numerical sequence: 0.8770±0.013, 0.8431±0.0134, 0.9171±0.0138, 0.8772±0.0217, 0.8018±0.0271,
0.7897± 0.0257, 0.8080± 0.0249, 0.7220± 0.0289, and 0.7000± 0.0241, which are summarized in Fig. 3j.
We note that the reported data are raw data without any background subtraction. The main error are due to
double pair emission, imperfection in preparation of the initial states, and the non-ideal interference at the PPBS
and the BDs. One can see that the fidelities of the teleportation are not uniform for different states. For the first 5
initial states |ψ1〉 to |ψ5〉, where only a single interference on the PPBS occurs, the average fidelity is 0.8632; for the
last 4 initial states |ψ6〉 to |ψ9〉, where two interferences on the PPBS occur, the average fidelity is 0.7549. Despite
the experimental noise, the measured fidelities of the nine teleported states are all well above the classical limit 2/3,
defined as the optimal state-estimation fidelity on a single copy of a one-qubit system [28]. These results prove the
successful realization of teleporting an unknown qubit to a photon with prior quantum information.
In summary, we have teleported an unknown qubit to a photon with prior quantum information, demonstrating that
quantum information can flow from one object to another even though the target object has pre-existing quantum
information. Although the present experiment is realized in the linear optical architechture, our protocol itself is not
limited to optical system and can be applied to other quantum systems such as trapped atoms [9], ions [10, 11], and
electrons [12].
Our teleportation experiment have concentrated the quantum information previously distributed over three photons
into a single one, indicating that quantum information is independent of its carriers and can be freely moved around
between different objects. Following this train of thought, an interesting next step would be realizing an opposite
opperation “partial teleporation”, namely moving part of one object’s quantum information to another object. An
experiment to demontrate such operation is undertaken by the authors [29].
Besides the fundamental interest, the methods developed in this work on realizing qubit-qudit quantum gates,
may open up new possibilities in quantum technologies. As shown in References [30, 31], the realization of Toffoli
and Controlled-unitary gates can be simplified by accessing higher-dimensional Hilbert space. For similar reasons,
the qubit-qudit gates realized in our work has the potential to simplify the realization of complicated multi-qubit
10
operation and find applications in quantum compuation and quantum simulation.
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METHODS
Generating two photon pairs. For the sake of simplicity, in Fig. 2b of the main text, we only show a simplified
version of the spontaneous parametric down-conversion (SPDC) sources. Figure 4 shows the detailed experimental
setup for generating two photon pairs. An ultraviolet pulse laser centered at 390nm is split into two parts, which are
used to generate two SPDC photon pairs. The lower part of the laser directly pumps a BBO crystal to generate a
pair of photons in the state |Vb〉 |Ht〉 via beamlike type-II SPDC, where photon t is used for trigger. After passing
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FIG. 5: HOM interference at the PPBS for a |HH〉 input. In case of perfect interference, the count rate should drop
down to 20%, leading to a theoretically achievable dip visibility of 80%.
through a half wave-plate (HWP2) and a quarter wave-plate (QWP2), photon b is prepared at the desired quantum
state γ| H〉b + δ| V 〉b for system B. The upper part of the laser goes through HWP1 and QWP1 to prepare its
polarization at α| H〉 + β |V 〉. It then passes through an arrangement of two beam displacers (BDs) and HWPs to
separate the laser into two beams by 4 mm apart (such configuration was first adopted by H.-S. Zhong et al. in [32]).
The two beams then focus on a BBO crystal to generate two photon pairs in the states |Va1〉 |Ha2〉 and |Va1′〉 |Ha2′〉
via beamlike type-II SPDC, where the subscripts denote the spatial modes. |Va1〉 |Ha2〉 and |Va1′〉 |Ha2′〉 are then
rotated using HWPs to |Ha1〉 |Ha2〉 and |Va1′〉 |Va2′〉 , respectively. Photon pairs of |Ha1〉 |Ha2〉 and |Va1′〉 |Va2′〉 are
then combined into same spatial modes using two BDs. After tilting the two BDs to finely tune the relative phase
between the two components, the two photons a1 and a2 are prepared into α| H〉a1 | H〉a2 + β| V 〉a1 | V 〉a2, which is
the desired quantum state of system A.
Two-photon interference on a PPBS. The PPBS implements the quantum phase gate operation by reflecting
vertically polarized light perfectly and reflecting (transmitting) 1/3 (2/3) of horizontally polarized light. To realize
a perfect quantum gate with the PPBS, the input photons on the PPBS need to be indistinguishable to each other.
To evaluate the indistinguishability of the input photons, a two-photon HOM interference on the PPBS need to be
measured. For large delay, the two photons are completely distinguishable due to their time of arrival. The probability
14
FIG. 6: CX4 gate with linear optics. (a) The standard optical CX4 gate. (b) The simplified optical CX4 gate.
to get a coincidence from a |HH〉 input is then 5/9. In case of perfectly indistinguishable photons at zero delay, the
probability drops to 1/9. From the above considerations, the theoretical dip visibility Vth = 80% is obtained, which
is defined via V = (c∞ − c0)/c0, where c0 is the count rate at zero delay and c∞ is the count rate for large delay.
As shown in Fig. 5, the HOM interference is experimentally measured and a dip visibility of Vexp = 0.661± 0.0015 is
obtained, where the error bar is calculated from the Poissonian counting statistics of the detection events. The overlap
quality Q = Vexp/Vth = 0.826± 0.0019 indicates that about 17.4% of the detected photon pairs are distinguishable.
Implementation of CX4 gate using linear optics. As described in the main text, an optical CX4 gate between
system A (photons a1 and a2) and system B (photon b) can be implemented with a setup as shown in Fig. 6a. Photons
a1 and a2 encode the control qubit and its initial state is α|0〉A + β|1〉A = α|H〉a1|H〉a2 + β|V 〉a1|V 〉a2. Photon b
encodes the target ququart and its initial state is γ|0〉B + δ|1〉B = γ|H0〉b + δ|H1〉b. After passing through the loss
elements that transmit horizontally polarized light perfectly and transmit 1/3 of vertically polarized light, photon a1
(a2) and photon b in the upper (lower) mode are superposed on the PPBS. The PPBS, the loss elements and the two
surrounding HWPs at 22.5◦ together implement a polarization CNOT operation on the input photons [33–35]. Such
optical circuit can thus realize the following transformations
|H〉a1|H〉a2 ⊗ |H0〉b −→ |H〉a1|H〉a2 ⊗ |H0〉b
|H〉a1|H〉a2 ⊗ |H1〉b −→ |H〉a1|H〉a2 ⊗ |H1〉b
|V 〉a1|V 〉a2 ⊗ |H0〉b −→ |V 〉a1|V 〉a2 ⊗ |V 0〉b
|V 〉a1|V 〉a2 ⊗ |H1〉b −→ |V 〉a1|V 〉a2 ⊗ |V 1〉b.
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FIG. 7: State analyzer for a single-photon ququart state with both polarization and spatial degrees of freedom.
As a result, after passing through this optical circuit, the initial input state
(α|0〉A + β|1〉A)⊗ (γ|0〉B + δ|1〉B)
=(α|H〉a1|H〉a2 + β|V 〉a1|V 〉a2)⊗ (γ|H0〉b + δ|H1〉b)
would become
α|H〉a1|H〉a2 ⊗ (γ|H0〉b + δ|H1〉b) + β|V 〉a1|V 〉a2 ⊗ (γ|V 0〉b + δ|V 1〉b)
=α|0〉A ⊗ (γ|0〉B + δ|1〉B) + β|1〉A ⊗ (γ|2〉B + δ|3〉B),
which is exactly the desired output state of a CX4 gate. The above optical CX4 gate operates with a success
probability of 1/27. In practice, to combat low count rates, we adopt the method proposed in reference [34] to simplify
the implementation of the optical CX4 gate. The simplified experimental setup is shown in Fig. 6b. We achieve
correct balance by removing loss elements and pre-biasing the input polarization states during gate characterization.
The initial state of photons a1 and a2 is now prepared at α√
|α|2+ |β|29
|H〉a1|H〉a2 + β/3√
|α|2+ |β|29
|V 〉a1|V 〉a2 instead of
α|H〉a1|H〉a2+β|V 〉a1|V 〉a2. The HWP applied on photon b before entering the PPBS is now set at 15◦, thus converting
photon b to the state
√
3
2 (γ|H0〉 + δ|H1〉) + 12 (γ|V 0〉 + δ|V 1〉) instead of 1√2 (γ|H0〉 + δ|H1〉) + 1√2 (γ|V 0〉 + δ|V 1〉),
which is the case if the HWP is set at 22.5◦.
State analysis of a photonic ququart state. A photon with both polarization and spatial degrees of freedom
(DOFs) can encode a ququart state. To fully characterize such state, one needs to perform projective measurement
onto various different ququart states. To fulfill this task, we build a ququart state analyzer as shown in Fig. 7, which
can project the input ququart to any state in the form of (a|H〉+ b|V 〉)⊗ (c|0〉+ d|1〉). This setup works as follows:
Suppose the input ququart state is (a|H〉 + b|V 〉) ⊗ (c|0〉 + d|1〉). After passing through QWP3 and HWP3, which
are used to convert a|H〉 + b|V 〉 to |H〉, the ququart state becomes |H〉 ⊗ (c|0〉 + d|1〉). The subsequent two HWPs
(one at 45◦ and the other at 0◦) and the BD are used to convert |H〉 ⊗ (c|0〉 + d|1〉) to c|H〉 + d|V 〉, which is now
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a polarization qubit state. QWP4 and HWP4 are then used to convert c|H〉+ d|V 〉 to |H〉, which can pass through
the PBS and get detected by the SPD. As a result, for any input ququart state, only its (a|H〉+ b|V 〉)⊗ (c|0〉+ d|1〉)
component can pass through the setup described above, which effectively realize the desired projective measurement.
By changing the parameters a, b, c and d, this state analyzer can be used to perform a full state tomography on the
input ququart state.
